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Most recently, a phosphorus allotrope called green phosphorus has been predicted, which has a
direct band gap up to 2.4 eV, and its single-layer form termed green phosphorene shows high stability.
Here the mechanical properties and the uniaxial strain effect on the electronic band structure of
green phosphorene along two perpendicular in-plane directions were investigated. Remarkably, we
found that this material can sustain a tensile strain in the armchair direction up to a threshold
of 35% which is larger than that of black phosphorene, suggesting that green phosphorene is more
puckered. Our calculations also show the Young’s modulus and Poisson’s ratio in the zigzag direction
are four times larger than those in the armchair direction, which confirm the anisotropy of the
material. Furthermore, the uniaxial strain can trigger the direct-indirect band gap transition for
green phosphorene and the critical strains for the band gap transition are revealed.
Introduction: Following the experimental fabrication
of phosphorene (α−phosphorene)1–5, numerous 2D struc-
tures of phosphorus allotropes, such as β−, γ−, δ−, ε−,
ς−, η−, θ−, and ψ−phosphorene, have been proposed
theoretically6–11. Lately, researchers have experimentally
generated blue phosphorene (β−phosphorene) with the
indirect band gap up to 3 eV 12 which instigates more
subsequent exploration on these various metastable al-
lotropes of phosphorus. Most recently, a phosphorus al-
lotrope called green phosphorus was predicted based on
theoretical calculations13. It was reported that its single-
layer form, termed green phosphorene, is more stable
than blue phosphorene suggesting that green phospho-
rene is easier to be experimentally synthesized. Unlike
blue phosphorene, green phosphorene have a direct gap,
same as black phosphorene, up to 2.4 eV. With the in-
creasing number of the atomic layers the band gap de-
creases and the bulk green phosphorus was predicted to
have a band gap of 0.68 eV13. In comparison to black
phosphorene it also possesses higher electron mobility at
room temperature and higher anisotropy due to its more
puckered structure13, which creates a promising applica-
tions for future electronics. In Fig.1(a), the sketches of
three different phosphorene allotropes, black (left), green
(middle) and blue phosphorene (right) are shown.
Various approaches are proposed to tailor the elec-
tronic properties of 2D materials and their corresponding
nanostructures, which is crucial for their applications in
electronics. By virtue of the advantages such as main-
taining the materials’ properties and effective for sin-
gle layers, strain engineering is visualized as one of the
best possible candidates14–16 and has attracted substan-
tial attention17–25. Since graphene and plentiful post-
graphene 2D materials emerged, studies revealed 2D lay-
ered materials have superior mechanical flexibility com-
pared to their bulk counterparts21, 26. In particular, the
strain limits of graphene and MoS2 are up to 25%
27–29
and black phosphorene can maintain integrity under a
strain even up to 30% because of its special puckered
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FIG. 1. (Color online)(a) The stereoscopic sketches of phos-
phorene, green phosphorene and blue phosphorene. (b) The
top view of green phosphorene and the lattice vectors as well
as the first Brillouin zone. (c) The DFT predicted band struc-
ture of green phosphorene. The energy is referenced to Vac-
uum level and note the band gap is underestimated by the
DFT.
structure30, 31. Dependent on the symmetries and bond-
ing/antibonding nature of a particular electron orbital, it
was found that large-scale strain can prompt remarkable
response of electronic properties, such as the size varia-
tion and direct-indirect transition of band gap25, 31, 32 or
charge transport in preferable direction33.
Green phosphorene has been predicted to have
direct-indirect transition under the applied compression
strain13. However, the detailed mechanical properties
and uniaxial strain effect on the electronic properties of
green phosphorene have not yet been explored. In this
paper, we elucidate these properties using the first prin-
ciple density-functional theory (DFT) calculations. Ap-
plying uniaxial strain along x (armchair) and y (zigzag)
directions as shown in Fig.1 (b), we elucidate the critical
strain and other mechanical properties such as Young’s
moduli and Poisson’s ratios. Furthermore, the uniaxial
strain effect on the electronic band structure of green
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FIG. 2. (Color online)(a) The strain-stress correlation along
the zigzag and armchair directions, and the tensile strain lim-
its in these two directions are 27% and 35%, respectively. (b)
and inset: The transverse strain response and the difference
in total energy as a function of uniaxial strain.
phosphorene has been analyzed to reveal the nature of
the band gap transition from direct to indirect which
creates its potential for optical applications. It has been
experimentally proved that a uniaxial stress can switch
on/off the luminescence of GaAs nanowires27, 29, 34.
Model and methods: The structural optimization
and electronic band structure calculations are car-
ried out using the first principles DFT34 with the
Perdew-Burke-Ernzerhof(PBE) exchange-correlation
functional35, the hybrid Heyd-Scuseria-Ernzerhof
(HSE)06 method36, 37 and the projector-augmented
wave(PAW) potentials38, 39, as implemented in the
VASP code40, 41. The energy cutoff for plane waves
basis sets was chosen to be 500 eV. The k-point of
the reciprocal space was sampled from mesh, using
Monkhorst-Pack method. The energy convergence
criteria for electronic and ionic iterations were set to be
10−5 eV and 10−4 eV, respectively. Periodic boundary
conditions were used throughout the calculations. A
vacuum space of at least 16 A˚ was adopted to eliminate
the interaction between layers due to the periodic
boundary conditions. All these parameter settings
above guarantee the precision of our calculations to
converge within 0.04 meV/atom. For electronic band
structure calculations, 20 points were sampled in each
high symmetry line of the reciprocal space.
From the sketches of three different phosphorene al-
lotropes, black, green and blue phosphorene shown in
Fig.1(a), it is clear that the coordination number of the
phosphorus atom for all allotropes is the same and equals
to 3. Moreover, black phosphorene is a bilayer struc-
ture, and green phosphorene is a trilayer structure, which
makes it more puckered. In addition, green phosphorene
contains ridges in armchair and zigzag directions, which
can be observed in both black and blue phosphorene.
Fig.1(b) illustrates the plane sketch of green phospho-
rene on the top view, which is obtained from the crystal
structure of bulk green phosphorus reported in Ref 13.
For bulk phosphorus, our calculation shows that the lat-
tice constants of the preferable AB stacking of atomic
layers are a = b = 7.29 A˚ and c = 11.50 A˚. For the 2D
green phosphorene, the relaxed lattice constants are a =
b = 7.34 A˚. They are all in good agreement with previous
literature13.
Starting with the completely relaxed green phospho-
rene, in-plane uniaxial tensile strain up to 35% and 40%
are applied along the zigzag and armchair directions, re-
spectively, to investigate its ideal tensile strength42, 43
and the corresponding critical strain. The uniaxial strain
is defined as εx = (ax − ax0)/ax0, εy = (ay − ay0)/ay0
where ax0(ay0) is the relaxed lattice value in x(y) di-
rection, and ax(ay) is the strained lattice value. Posi-
tive strain (εx(εy) > 0) corresponds to the tensile strain,
and negative strain (εx(εy) < 0) means the compressive
strain. We also elaborate the effect on the electronic band
structure under the tensile and compression strain. The
lattice constant is fully relaxed in transverse direction to
guarantee the applied strain is uniaxial.
Results and discussion: To evaluate the ideal tensile
strength of green phosphorene, it is necessary to acquire
the knowledge of strain-stress relation using the ab initio
pseudopotential density-functional method44, 45, which is
originally designed for three-dimensional crystals. To
conquer the dimensional constrain, Peng et al30 sug-
gests to obtain the equivalent stress through rescaling
the stress by Z/d0 (where Z is the cell length in the z
direction and d0 is the effective thickness of the system)
and makes the results directly comparative with experi-
ments and other calculations by ruling out the extra area
belonging to the vacuum space. In this paper, we adopt
the interlayer spacing 5.75 A˚ of bulk green phosphorus
as d0 for green phosphorene.
We present the calculated strain-stress relation in Fig.2
(a). The ideal strain strengths of green phosphorene are
8.5 GPa and 17 GPa along the armchair and zigzag di-
rections, respectively. Correspondingly, the tensile strain
limit in the zigzag direction is 27% which is equivalent to
black phosphorene, while that in the armchair direction
is 35%, a little larger than that of black phosphorene30.
Like other 2D materials for instance graphene, MoS2 and
black phosphorene, such high flexibility endows green
phosphorene with potential applications in flexible dis-
plays. According to E = σstress/εstrain, the Young’s
modulus along the armchair direction is 31.27 GPa and
that along the zigzag direction is 122.59 GPa, which are
both smaller than that of black phosphorene. Compared
with phosphorene, all the data above reasonably reflects
the more puckered nature of green phosphorene’s struc-
ture.
Fig.2(b) exhibits the relation between strain in x(y)
direction and corresponding transverse strain in y(x) di-
rection, and then we obtain the Poisson’s ratios, defined
as ν = −dεtransverse/dεaxial, which are 0.192 and 0.84
along the armchair and zigzag directions, respectively.
The correlation of uniaxial strain and the strain energy
of green phosphorene is shown in the inset of Fig.2 (b).
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FIG. 3. ( (Color online) the variation of band structure of green phosphorene with the applied uniaxial strain in the armchair
(x) direction. The energy is referenced to vacuum level. The positive strain represents the tensile strain, while the negative
is compression. The tensile/compression strain can trigger the direct-indirect band gap transition of green phosphorene. On
the tensile strain, the near-band-edge states C and D compete for CBM to determine the direct-indirect band gap transition.
Likewise, this transition lies on the competition of states A and B for VBM in the compression strain direction.
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FIG. 4. (Color online) the variation of band structure of green phosphorene with the applied uniaxial strain in the zigzag
(y) direction. The energy is referenced to vacuum level. The band gap changes from direct to indirect as both the tensile
and compression strain increase. Four states A, B, C and D, competing for VBM and CBM respectively, determine the
direct-indirect band gap transition.
The strain energy is calculated as the difference in the
total energy of the strained and relaxed structures. The
energy surface of εy is apparently much deeper than that
of εx which means it is more difficult to apply strain along
the zigzag than the armchair direction. Similar to black
phosphorene, green phosphorene also demonstrates the
anisotropic nature, which is even more prominent due to
its more puckered structure.
The DFT predicted electronic direct band gap for
green phosphorene is 1.21 eV and the HSE06 predicted
band gap is 1.96 eV, which is less than the gap of 2.42 eV
predicted by Han et al13, due to the well-known problem
that DFT underestimates band gap of semiconductors.
However, many studies show that DFT can correctly pre-
dict the general trends of strain effect on the band struc-
ture and near-band-edge states30, 31, 46. We also tested
the robustness of the calculated strain effects on the band
gap by comparing both DFT and hybrid HSE06 method
in later session.
Our calculated results suggest that both the tensile
and compression strain along the armchair and zigzag
directions dramatically affect the electronic band struc-
ture of green phosphorene, which are presented in Fig.3
and Fig.4.
The strain effect on the band structure of green phos-
phorene in the x (armchair) direction is shown in Fig.3.
As the tensile strain increases, the direct-indirect tran-
sition of the band gap happens. The position of the
conduction band minimum(CBM) change from Γ to N1
(0.421,0,0) with the tensile strain increasing from 0% to
5%. At 5%, the CBM is at N1 (0.421,0,0) and the valence
band maximum(VBM) locates at Γ so that the band gap
is indirect. Likewise, the compression strain also pro-
vokes the direct-indirect transition. The VBM shift from
Γ to Y around -12.9%.
Moreover, Fig.3 reveals that the energies of several
near-band-edge states contribute and control the direct-
indirect transition of the band gap. For the expan-
sion strain, state D representing the energy of CB at
N1 (0.421,0,0) decreases promptly until it is equal to
state C (the original CBM for the relaxed structure) at
εx = 2.5%. When the strain is higher than 2.5%, the en-
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FIG. 5. (Color online) The energy gap as a function of the
strain (a) εx along the armchair direction, (b) εy along the
zigzag direction. In each direction, the whole region consists
of three zones, Zone I, II, III and Zone IV, V, VI, respec-
tively. The middle zone of each figure corresponds to the
direct band gap (abbreviated to ‘d’) and the band gap for the
other two zones is indirect (abbreviated to ‘in’). The dashed
lines present the positions of the critical points which are -
12.9% and 2.5% along the armchair direction, while -0.83%
and 10.3% along the zigzag direction. Inset of (a): Band gaps
as a function of εx predicted by DFT and HSE06.
ergy of state D is lower than that of state C and then state
D becomes the CBM giving an indirect band gap. While
as the exerted strain is compression, the competition of
state A and state B, representing the energies of the VB
at Γ and Y respectively, indicates the nature of band
gap direct-indirect transition. State B has the faster in-
creasing trend of the energy with increasing strain and it
becomes equivalent to state A at -12.9%. As the strain
value less than -12.9%, state B dominates the VBM and
the band gap becomes indirect.
Similarly, the direct-indirect transition for the band
gap also exits when we apply strain in the zigzag direc-
tion shown in Fig.4. As the expansion strain larger than
10.3%, the VBM shifted from Γ to Y and the CBM is
at Γ so that the band gap is indirect. For the compres-
sion strain, it is indirect at the strain less than -0.85%
for the band gap with the VBM at Γ and the CMB shift-
ing from Γ to N1 (0.421, 0, 0). Apparently, the nature
of the direct-indirect band gap transition on the tensile
strain lies on the competition of two VB states A and B
which causes the shift of the VBM, while the dominance
for the CBM exchanges from state C to state D on CB
leading to the transition from direct to indirect along the
compression side.
Depending on Fig.3 and Fig.4, it is clear that the ap-
plied uniaxial strain has remarkably effect on the elec-
tronic band structure of green phosphorene. The band
gap as a function of uniaxial strain was presented in Fig.
5.
Fig.5(a) presents the variation trend of the band gap
with the strain along the x direction. On the positive
strain side, the band gap starts to slightly increase with
the increasing strain until it reaches up to the top value
at 5% strain and then gently decreases. We calculated
the band structure at the tensile strain limit 35% sug-
gesting the band gap is significantly reduced and does
not close, while the band gap decreases sharply as the
strain increases on the negative strain side and the DFT
gap is predicted to be zero at -14.3%. The whole region
of the strain can be divided into three zones, Zone I, II
and III. Zone II with the direct band gap starts from
the compression strain -12.9% to the tensile strain 2.5%.
Zone I includes the compression strain less than -12.9%
and Zone III is the area where the tensile strain is higher
than 2.5%. The band gap in these two zones is indirect.
To confirm the reliability of the DFT’s results, the
band gaps as a function of strain predicted by the HSE06
and DFT are shown in the inset of 5(a). Apparently, the
HSE06 has a better prediction of the band gap values.
However, both methods of the DFT and HSE06 calcu-
lated the same gap variation trends with strain. There-
fore, we can conclude that DFT correctly predicts the
general trends of strain effects on the band structure and
near-band-gap states in green phosphorene.
The band gap as a function of strain along the y di-
rection is plotted in Fig.5(b). The strain also can be
partitioned into three zones, Zone IV, V and VI corre-
sponding to indirect, direct and indirect band gap. Zone
V contains the strain area from -0.85% to 10.3%, while
Zone IV and VI include the regions where the strain is
less than -0.85% and more than 10.3%, respectively. To
detect whether the band gap closes on the compression
strain side, we calculated the band structure between -
14% and -11% with a 1% increment and find it close at
-13%. From Fig.3 and Fig.4, we find out that the varia-
tion trends of band gap along the negative and positive
strain sides are determined by states A, B on VB and
states C, D on CB respectively in the armchair direction,
while in the zigzag direction the alternative dominance of
states A and B for VBM determines the relation of band
gap and strain along the positive strain side, as well as
the strain effect on band gap along the negative strain
side lies on states C and D on CB.
The zone boundaries are the critical strains of -12.9%
and 2.5% in x direction, and -0.85% and 10.3% in y direc-
tion as shown in Fig.5(a) and (b). The critical strains are
the crossovers of the energies of states A, B and states C,
D (labeled in Fig. 3 and Fig. 4) varying with the strain.
The nature of the direct-indirect band gap transition lies
on the competition of these states.
In summary, we explored the mechanical properties
and the tensile/compression uniaxial strain effect on the
band structure of green phosphorene in the armchair and
zigzag directions, respectively, using first principle DFT
calculations. Due to the more puckered structure along
the armchair direction compared to black phosphorene,
green phosphorene can maintain integrity under a little
larger strain limit 35% in this direction which open up
the potential application in practical large-magnitude-
strain engineering. In addition, our reported Young’s
moduli and Poisson’s ratios in these two perpendicular
5directions suggest the high anisotropic nature of green
phosphorene. Our results indicate the applied strain can
significantly affect the band structure and trigger the
direct-indirect band gap transitions. We also found that
the strain region can be divided into three zones and the
critical strains for zone boundaries are determined by the
crossing of the energies of the near-band-edge states.
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